Although residual vision in patients with cortical blindness is common, its brain mechanisms are poorly known. To study these mechanisms we measured neuromagnetic responses to visual stimuli in a patient with right posterior cerebral lesion and left visual ®eld hemianopia. His vision had partially recovered with intensive training before our measurements. Compared with the processing in the healthy side, early occipital responses were attenuated for both passive viewing of checkerboard reversal patterns and a letter identi®cation task. In both conditions there were prominent longer-latency responses at the right superior temporal cortex. We suggest that the activation in the superior temporal cortex can partially compensate for the failure to produce synchronized population responses at the early stages of visual cortical processing.
INTRODUCTION
Lesions in the medial parts of the occipital lobe or in the geniculostriate pathway cause loss of vision of the contralateral visual ®eld. Patients with such lesions may have residual vision in their affected ®eld. They may detect or even correctly discriminate movement, luminance stimuli, facial expressions, wavelength and form [1±3] . While the ability to discriminate is not always accompanied by awareness of the stimuli, salient stimuli may cause visual percepts [4] . These percepts are different from percepts in the intact hemi®eld: they are like shadows, often lacking exact form [5] .
When the primary visual cortex, V1, is injured, other cortical regions continue to show responses to visual stimulation in both humans [6, 7] and monkeys [8, 9] . This suggests that visual information may by-pass V1, for example through the superior colliculus and pulvinar.
We studied subject MR, who after a right posterior medial cerebral infarct had a left visual ®eld hemianopia with macular sparing. Before this study, MR had participated in intensive training for detecting¯ickering luminance patterns, and had achieved equal thresholds in the peripheral parts of the two hemi®elds [10] . In addition, he reported improved awareness of environment in his left hemi®eld.
Transient stimuli are necessary for visual awareness in hemianopic patients [11] . MEG, which can reveal the activation order of distinct brain areas after transient stimuli, provides a good tool for studying the sequence of processing in residual vision. We recorded neuromagnetic responses while MR either viewed a checkerboard pattern with repetitively reversing contrast, or when he identi®ed luminance-modulated letters that¯ickered sinusoidally at 10 cycles/s. Responses of the affected and intact hemi®eld were compared. The aim of this study was to search for differences in activation pattern between the healthy and the affected hemi®eld, and thus to understand better the pathophysiology of residual vision.
MATERIALS AND METHODS
The subject was a 50-year-old male who suffered a cerebral infarct in 1991, 8 years before the study. The infarct followed a prolonged migraine paroxysm which lead to transient weakness of the left arm and leg and disturbed visual function in the left visual ®eld. When studied in 1998, MRI showed a lesion at the right occipital lobe, which extended to posterior medial parts of the right temporal lobe (Fig. 1a) . The cortex at the posterior part of the calcarine ®ssure was preserved, but white matter and anterior parts of the occipital cortex were missing. The lesion most likely affected parts of the primary and nearby extrastriate visual cortices and the geniculocortical pathway in the right hemisphere. In Goldman perimetry (Fig.  1b) , measured in October 1997, MR was unable to detect stationary and slowly moving stimuli in the peripheral left visual ®eld. However, in a part of the left visual ®eld, indicated with gray shading in Fig. 1b , he reported a perception of`glow' when the largest and brightest stimulus was quickly moved back and forth. Since October 1997, MR has participated in intensive training for about 1.5 years [10, 12] before the MEG measurements started in June 1999. The training comprised of repetitive measurements of the detection thresholds for¯ickering disk and letter stimuli. Before the MEG measurements, the detection thresholds for¯ickering disk and¯ickering and nonickering letter stimuli in the affected hemi®eld had reached the values of the healthy side, although the perception was not similar to the healthy hemi®eld. In Goldman perimetry in October 1998, he saw the largest and brightest stimulus in patchy areas as a circumscribed dot. However, no usual isopter could be measured, and the perimetry result was essentially the same as before the training. MR gave informed consent before the MEG measurements.
The visual stimuli were generated with a Macintosh computer and presented with a dataprojector (VistaPro, Electrohome Ltd) on a back projection screen, with a viewing distance of 60 cm. The dataprojector has three digital micromirror devices, 60 Hz frame rate, and fast (1± 2 ms) rise and decay of luminance for each frame. In the ®rst experiment (Fig. 1c) , MR ®xated a cross in the middle of the display, and contrast of a black-and-white checkerboard was reversed at constant 1-s intervals. The pattern reversed alternately in the left and right visual ®elds. The stimulus comprised of 5.38 black (4 cd/m 2 ) and white (60 cd/m 2 ) squares in an array of two columns and six rows. The total size of the pattern was 10.5 3 29. 18 , and the eccentricity of the edge closest to the fovea was 13.88 from the ®xation. In the second experiment MR identi®ed letter stimuli (H, L, T, U, or C), the diagonal diameters of which were 7.88, and which were centred 208 off from the ®xation. The ®ve letters were presented in random order and the left and right visual ®elds were stimulated randomly in the same session. The stimuli appeared from midgray (32 cd/ m 2 ) background and¯ickered sinusoidally between the maximum (60 cd/m 2 ) and minimum (4 cd/m 2 ) luminance values at 10 Hz; thus the Michelson contrast was 88%. Most of the display area had luminance of 60 cd/m 2 ( Fig. 1c ). The purpose of the bright surround was to reduce the contrast of the temporal variation of possible stray light entering the healthy hemi®eld. Duration of the stimuli was 0.8 s and interstimulus interval 1.6 s. MR was instructed to respond to rare (8% of stimuli) target letter C by lifting his right index ®nger. Because the luminance contrast of ickering letters was clearly above his recognition threshold (1.7% contrast), he recognized all targets in both hemi®elds. Epochs containing the responses to the target letter were not included in the MEG signal analysis.
Signals were recorded with a Vectorview neuromagnetometer. Signals were ®ltered (passband 0.1±200 Hz), sampled at 600 Hz, and averaged time locked to the stimulus. About 100 responses were averaged for each category and noisy channels were omitted from analysis. Vertical and horizontal electro-oculograms (EOG) were recorded, and epochs contaminated with saccades or blinks were rejected on-line. Then the signals were preprocessed by applying a prestimulus baseline and a low-pass ®lter at 45 Hz. The prestimulus baseline was 100 ms in the ®rst and 200 ms in the second experiment. Before source analysis, the responses of the second experiment were high-pass ®ltered at 2 Hz due to slowly changing noise ®elds. We localized the cortical activity with minimum current estimate (MCE) [13] , an implementation of the minimum 11-norm estimate. MCE explains most of the measured signals with a current distribution that has the smallest sum of current amplitudes. The estimate was calculated across the spatial set of channels, separately for each temporal sample.
For identi®cation of active brain areas, regions of interest (ROIs) were selected to cover the strongest current clusters in the MCEs. A ROI was accepted, if the peak activity exceeded 3 nAm and twice the peak activity during prestimulus baseline, the activation duration exceeded 15 ms, and the location was stable. The mean and extent of the ROIs were automatically adjusted to ®t the estimated activity. The maximum weight of the ROI was in the center and extended to the neighbouring locations with the form of a three-dimensional generalized normal distribution. The ellipsoid ROIs were superimposed on MR's magnetic resonance images; the edges are at the 60% weight of the maximum. Figure 2a presents MEG signals after the checkerboard pattern reversals. Stimulation of the unaffected right visual ®eld (blue) evoked the ®rst de¯ection at 89 ms (peak value) in the midoccipital channels (insert a). In contrast, ā attened and delayed response was detected in this area after the left visual ®eld stimulation (red)
RESULTS
A similar difference between the hemi®elds was seen in the¯ickering letter detection task (Fig. 2b) . Whereas the right hemi®eld stimuli evoked a de¯ection peak at 151 ms in the left lateral occipital channels (insert a), the left hemi®eld stimuli evoked no transient peaks in posterior channels. The strongest de¯ection after the left hemi®eld stimulation emerged 238 ms after stimulus onset in the right temporal region (insert b). With longer latencies, other responses emerged in several areas after both hemi®eld stimuli. The de¯ections were stronger and distributed to a larger number of channels after the right than the left hemi®eld stimulation. Figure 3 displays the strongest MCE current clusters on a triangular mesh corresponding to brain surface, integrated over representative time windows. Locations of the strongest sources (white circles) are shown in the magnetic resonance images below the MCEs. Figure 3a displays the source dynamics after the checkerboard stimuli. After right hemi®eld checkerboard stimuli, the most distinct activation was at the left calcarine sulcus; the half amplitude minimum and maximum latencies of this source were 77 and 100 ms, respectively. Later a weaker response emerged twice in the left precentral sulcus (between 143±156 and 180±200 ms). After the left hemi®eld stimulation midoccipital activation emerged between 150 and 203 ms (middle MCE, integrated from 140 to 180 ms). The corresponding source was located close the right calcarine sulcus. Later (right MCE, from 180 to 240 ms), currents were found also more anteriorly in the right hemisphere. The center of the stronger cluster was in the middle part of the superior temporal (ST) sulcus, with activation latency of 186± 233 ms. A weak current was also present in the right central sulcus between 186 and 220 ms. The mean level of whole-brain activity, integrated from 50 to 350 ms after stimulus onset, was equal after both hemi®eld stimuli (19.8 vs 19.9 nAm; mean level of whole-brain current during the 50±350 ms period minus mean level of whole brain current during the baseline).
The right hemi®eld letter identi®cation task evoked a rich pattern of activation (Fig. 3b) . The ®rst responses were in the left lateral occipital (stronger) and temporo-occipital regions, with latencies of 143±162 and 140±163 ms, respec- tively (left MCE in Fig. 3b) . No midoccipital responses were present. We believe that the relatively small peripheral¯ickering letter most likely does not generate detectable currents in the V1. Next, the left precentral gyrus was active between 168 and 183 ms (middle MCE), but simultaneously there was an emerging complex pattern of active areas: right ST region 173±190 ms, right precentral sulcus 175±190 ms, left posterior ST region 178±238 ms (right MCE and right lower MRI in Fig. 3b) , and parieto-occipital region 180±208 ms. The source regions, excluding the occipital responses, corresponded to sources in an earlier MEG study of healthy subjects with foveal presentation of audiovisual letters [15] . The left hemi®eld letters evoked a weak response at the right central sulcus 147±166 ms after stimulus onset, but no early occipital responses. The strongest activation was between 223 and 245 ms, centered in the ST sulcus of the right hemisphere. The mean level of whole-brain activity, 100±400 ms after stimulus onset, was stronger after the right than the left hemi®eld stimuli (27.5 vs13.1 nAm). The Talairach coordinates [14] of the right hemisphere ST sources for the left hemi®eld stimuli were 54, À36 and 9 mm (x, y, and z coordinates, respectively) for the checkerboard reversals and 48, À45 and 1 mm for the letters.
DISCUSSION
Our results show that residual vision in a hemianopic patient is accompanied with a pathological distribution and temporal patterns of brain activation. Whereas stimuli in the affected hemi®eld failed to generate an early fast transient response at the posterior cortex, later the contralateral superior temporal region responded strongly in both experiments. In the letter identi®cation task, stimulation of the healthy hemi®eld produced a richer pattern of active areas, and stronger whole brain activity.
A detectable MEG or EEG response requires synchronous postsynaptic currents of thousands of nerve cells. The most important factors determining the response strength are the size of the active area and the neural synchrony [16] . In subject MR, the attenuated transient occipital responses in the affected hemisphere could be due to smaller number of neurons reacting to the stimulus. However, the increased response latency and duration for the checkerboard stimuli indicate that the affected visual cortex did not generate as synchronous population response as the healthy system.
In both experiments, the right ST region showed a strong response to left hemi®eld stimuli and this response had similar temporal characteristics in both experiments. The latencies between 185 and 245 ms are longer than the ®rst occipital responses in this or earlier studies [17, 18] , but presumably short enough to be effective. These latencies are similar to responses for visual objects [19] or words [20] in healthy subjects. In monkeys, the ST sulcus contains a polysensory area (STP, for a review, see [21] ), and it receives signals from both the occipito-parietal dorsal and occipito-temporal ventral visual streams. The $185±245 ms latencies of the ST source in our study correspond to earlier MEG data from another hemianopic patient [22] . That study suggested a single source at the temporooccipito-parietal junction, presumably corresponding to human V5/MT. Our strongest source is 2±4 cm anterior to human V5/MT (for a review of human V5/MT Talairach coordinates, see [23] ), but the different locations in the two studies could be due to different stimuli activating distinct brain areas. Interestingly, both monkey STP and V5/MT responses to visual stimuli are largely preserved after striate cortex lesions, whereas they are abolished after combined striate cortex and superior colliculus lesions [9] . Human neuromagnetic studies, which have shown polysensory integration in the ST sulcus, suggest homology in this region [24] . Thus, it is possible that after hemianopic ®eld stimulation in MR the responses at the ST cortex are dependent on the colliculo-pulvinar pathway.
It is unclear whether the responses in MR's right ST region are speci®c to the right hemisphere or whether they represent activation contralateral to the visual stimulus. An earlier study of a hemianopic patient with left hemisphere lesion and right visual ®eld hemianopia showed a widely spread pattern of activation, including the right middleand superior temporal gyri, ipsilateral to the affected hemi®eld [25] . We postulate that the lack of early posterior synchronized neural activation is causally related to the enhanced longer-latency ST activity: compensation of the impaired input by enhanced higher-order processing may be necessary for the residual vision in the affected hemi®eld.
CONCLUSION
This study shows a distinct dynamical pattern of cortical activation in a hemianopic patient with residual vision in his affected hemi®eld. Compared with the healthy side, the posterior transient activation is either missing, or attenuated and delayed. In addition, the right (contralateral) superior temporal cortex, a possible homologue to monkey superior temporal polysensory region, shows a prominent response. Input to this area may come through partially intact V1 or through superior colliculus and pulvinar. Given the strength and latency of this response, we postulate that the superior temporal cortex may compensate the impaired input of the primary visual cortex, and may thus be a necessary processing stage for residual vision.
